by electroporation have been analyzed. By using an optimum voltage and a constant volume of cell suspension in a cuvette, the efficiency of transformation increased with increases in cell numbers and plasmid concentration. However, the most important parameter was the time of the pulse. Changes of 1 ms decreased the efficiency of transformation more than 70 to 80%o. Under our best conditions, between 106 and 107 transformants per ag of plasmid DNA could be obtained. Under certain conditions, the size of the plasmid also affected electroporation efficiency. In any case, we did not obtain integrative transformation with an autonomously replicating plasmid.
The use of electroporation procedures has recently gained great popularity, mainly to introduce exogenous DNA into cells. The technique is applicable to a wide variety of cell types including bacteria (7, 9, 19) , yeasts (8, 14, 18) , protozoans (10) , and animal cells (25) , etc. The method offers two main advantages over those of classical methods (such as CaCl2 for Escherichia coli and polyethylene glycol [PEG] for Bacillus subtilis, etc.). The first is that this technique renders transformable many organisms for which transformation cannot be achieved by other methods (26) . The second is that electroporation increases the efficiency of transformation (it is possible to obtain a higher number of transformants per microgram of DNA) and the technique is simple and less time consuming. For yeast transformation, several protocols with different transformation efficiencies have been described. In this communication, we present a systematic analysis of the main physical and biological parameters involved in electroporation phenomena and report that for a yeast species (Kluyveromyces lactis) and at a constant voltage, the time of the pulse is the main parameter involved in transformation efficiency.
MATERlALS AND METHODS
The K lactis strain MD2/1 (mata uraA arg lys K-pKD1+) (2) was used as the recipient strain in all of our transformation experiments. K lactis vectors were derived from KEp6 (5) and are shown in Fig. 1 .
Cells were cultured in YED broth (1% yeast extract, 1% glucose) and counted for viability on YED agar plates and by measuring optical density at 600 nm.
For selection of transformants, cells were plated on MM agar (0.67% yeast nitrogen base without amino acids, 2% glucose, and 1.5% agar, but supplemented with 1 mM arginine and 1 mM lysine). When necessary, 1 mM uracil was added (MM + Ura). Plasmid segregation experiments were carried out as described previously (21 Isolation of K. lacis DNA. DNA for Southern blots was isolated as described previously (20) . All restrictions, ligations, and hybridizations were performed by standard protocols (22, 23) .
Electroporation protocol. Several electroporation protocols have been described for yeasts (1, 4, 8, 12, 14, 16, 18) . After a careful comparison of all of them, we found that pretreatment of K lactis cells with dithiothreitol (DTT) as described previously (18) 
RESULTS
Effect of voltage and cell concentration on cell survival.
Optimization of the voltage is an important step in electroporation protocols (6, 8, 18 Effect of plasmid concentration on transformation efficiency. Different amounts of KEp6 DNA varying from 30 to 1,000 ng were tested. The transformation efficiency for K lactis was increased linearly up to approximately 300 ng, thereafter tending to adopt a horizontal slope (Fig. 3) . Our results are in good agreement with those described previously for Saccharomyces cerevisiae (18 (8, 18) .
Effect of the time of the pulse. and duration is a critical parameter in electroporation experiments. However, in most of the yeast electroporation protocols described previously (8, 14, 18) , the data on the effect of this parameter are scanty even though their values are especially important in the Bio-Rad experimental device. In this machine, the capacitor discharge circuit generates an electrical pulse with an exponential-decay waveform (3). Thus, in the duration of the pulse, parameters such as voltage, size of the cuvette (which implies different distances between the electrodes), volume of the cell suspension (0.8-ml maximum in the 0.4-cm cuvette and 0.4-ml maximum in the 0.2-cm cuvette), cell concentration, and conductivity of the EB are involved. Cell concentration has no effect on the time of the pulse, and therefore, under our working conditions, it is possible to select any desired cell concentration. For a fixed voltage of 1,000 V and a cell concentration of 6 x 109 cells per ml, we changed the time of the pulse by varying (i) the total volume of the cell suspension and (ii) the conductivity of the EB. We then correlated the time of the pulse with the amount of transformants. The results are shown in Fig. 5 (Fig. 3) , and, also an increase of 2 orders of magnitude in the cell concentration (see Fig. 2 ) was necessary to obtain a similar decrease (90%) in transformation efficiency. We are unaware of how this parameter should be controlled in other experimental devices such as those described by Simon and McEntee (24) and Na+ gave transformation efficiencies with similar values. Sucrose or glycerol was the most efficient stabilizer, and a detectable decrease in the transformation efficiency was observed when mannitol was used. Surprisingly, PEG had a very remarkable inhibitory effect on K lactis (buffers 5 and 6), in contrast with the results described for Schizosaccharomyces pombe (14) .
Influence of plasmid size on transformation efficiency and plasmid segregation. Although experiments designed to evaluate the influence of autonomously replicating or integrative plasmids or of the effect of DNA topology on the efficiency of transformation have been carried out (16, 27) , almost no data exist concerning the influence of plasmid size. By using our control plasmid KEp6, we constructed two new plasmids, KApl and KAp2, which contained the same elements, replication origin, Ampr and Ori sequences, and URA3 gene but into which we inserted two DNA fragments of 2 and 6 kb, respectively (Fig. 1) . With these plasmids we performed transformation experiments, and the results clearly point to an increase in the efficiency of transformation in K lactis for a plasmid of about 8 kb (Table 3) . Our experiments were carried out with the same amount of DNA, and this implies that the number of molecules of KAp2 is half that of KEp6. It is therefore possible that an increase in the number of transformants could be obtained by doubling the amount of KAp2 plasmid. However, this fact is not relevant to our main conclusion; namely, the size of the plasmid has an effect on electrotransformation efficiency because the number of molecules of KApl is also lower (i.e., three-fourths of those of KEp6) and the number of transformants is higher. Under optimal conditions for electroporation, a reproducible stimulation of recombination in S. cerevisiae has been detected (12). Thus, it was possible that some of our transformants might have acquired the Ura+ phenotype by integration of the plasmid in the chromosomal DNA. To check this possibility, 60 transformants (20 from each of three different electroporation experiments) were selected randomly and the loss of plasmid was determined (see Materials and Methods). In all cases, a 90% loss of the Ura+ character was detected after 20 generations in YED. We also obtained DNA from 10 colonies after two generations of growth in MM + Ura (from 5 colonies that had lost the capacity to grow without uracil and from 5 colonies that maintained their capacity to grow in MM without uracil). The plasmid in the colonies that did not require uracil for growth is shown in Fig. 6 (this figure shows only the results obtained for a colony of both types; all of them behaved in the same way). By using a URA3 gene probe (a fragment of the URA3 gene from S. cerevisiae), the Southern blots disclosed a band corresponding to the plasmid DNA in the transformants that maintain their capacity to grow in the absence of uracil (lanes 3 to 6). In the strains that have lost the plasmid (lanes 9 to 11), no bands are visible, indicating that no integration has occurred. Our results indicate that the frequency of integrative transformation with our experimental protocol is negligible.
DISCUSSION
The results presented here show that K lactis can be efficiently transformed by electroporation. In contrast with previous data for K lactis (4) , S. cerevisiae (1, 8, 11, 24) , and S. pombe (13, 14) , for which frequencies of about 103 transformants per ,ug of DNA were reported, we were able to obtain up to 107 transformants per ,ug of DNA with the same experimental device (the Bio-Rad Gene Pulser and Pulse Controller). Two facts could explain the discrepancy.
The first is the pretreatment of the cells with DT7, and the second is our careful control of the time of the pulse. Pretreatment of the cells under our experimental protocol requires fresh cultures and about 2 h of manipulation. Therefore, the experiments are a little more time consuming than the 10-to 20-min protocols (1, 8, 11, 24) . Our second important point is the control of the time of the pulse. The Bio-Rad experimental device generates an electrical pulse with an exponential decay waveform. defined as T = R-C, where T is measured in seconds, R is the resistance in ohms (fl), and C is capacitance in farads (F), cannot be adjusted in an independent way. Thus, in our electroporation experiments and for a given capacitance, the resistance of the sample determines T. In our experimental protocol, in which voltage and capacitance are fixed, T changes with the resistance of the sample and the resistance changes with all of the parameters involved in the experiment. Thus, T changes with the size of the cuvette, with the volume of the sample, and with the EB. Changes in the volume of cell suspension from 50 to 400 ,ul produces a change in the time of the pulse of 4.5 + 0.3 ms, decreasing transformation efficiency by 95%, in contrast to the results described for S. cerevisiae (1) . Also, changes in the EB (for example, from 1 to 25 mM NaCl) produce a decrease in the time of the pulse (from 6.3 to 4 ms), with a corresponding decrease in transformation efficiency (90%). Sucrose or glycerol has a similar effect as osmotic stabilizers (Table 2) . Experiments carried out with the D1T pretreatment omitted yielded only 6% transformants when compared with the results of our standard conditions (Table 2) . Although other parameters such as cell numbers, the plasmid DNA concentration, and addition of carrier DNA are also involved in transformation efficiency (Fig. 2 to 4) , their control could be more relaxed because to obtain a similar decrease in the number of transformants, variations in the cell concentration of 2 orders of magnitude (from 1010 to 108) were necessary. In general, our results are in very good agreement with those described by Meilhoc et al. (18) .
The variation in the efficiency of transformation with the size of the plasmid described by us (Table 3) opens new possibilities for investigating basic features in electroporation phenomena. Since DNA manipulation is a routine technique in many laboratories, plasmids can be constructed in which all of their specific components (size, different markers, centromeres, and autonomously replicating sequences, etc.) can be varied and tested. Also, the influence of voltage on the size of the pore or how the efficiency of transformation with the same shuttle plasmid and different microorganisms are compared could be assayed. Experiments along this line, with circular supercoiled DNA or circular relaxed DNA from pBR322, have been described (27) .
Additionally, several works have indicated that PEG increased the efficiency of transformation in S. pombe (13) and that electroporation transformants can only be generated if PEG and DNA are present during the electrical pulse (14) . However, for K lactis, PEG had a strong inhibitory effect ( Table 2) . Until now, we have not been able to find a rational explanation for this opposite kind of behavior, and only speculations about the different compositions of the yeast cell wall (17) or the different geometric shapes (cylindrical for S. pombe versus spherical or ellipsoidal for S. cerevisiae or K lactis) can be advanced.
Our experimental results suggest the following approaches to obtain a maximal efficiency of transformation for routine electroporation protocols for K lactis: after the voltage and the time of the pulse have been fixed, in a given volume, as many cells and as much plasmid DNA (i.e., two to four times as much carrier DNA) as possible must be placed in the cuvette. We believe that our procedure is highly convenient for the screening of gene libraries for the complementation of specific lesions in homologous host species because of the low DNA concentration of any individual sequence.
